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ABSTRACT 
The methods of removing SO~ and NOx studied here included 
absorption of so2 in water, either by itself or containing catalyst, 
in the presence of CO as a reducing agent, as well as absorption 
of NO in sulfit~ solution. 
X 
Sulfur dioxide was absorbed in the form of sulfite ions. 
The attempts to reduce so2 to elemental sulfur in a wet scrubbing 
system were not successful., but the presence of CO appeared to 
increase the amount of so2 absbrbed. 
Sulfite formed during the so2 absorption can be used to 
remove NOx from the same gas stream, provided oxygen is present. 
The effect is believed to be due to a higher rate of oxidation of 
NO 1n the presence of sulfite. 
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' 1.' INTRODUCTION 
S) Over the last few years a large number of processes 
hav~;een proposed for the removal of sulfur dioxide from 
flue gases, Calculations show that tital sulfur oxide emis 
sions to the atmosphere will exceed 50 million tons/year by 
1980 (1) unless good control methods are developed. Recent 
processes for r~moving so2 include adsorption on a· solid 
adsorbent followed by reduction and regeneration of the ad-
sorbent, or wet scrubbing processes in which sulfites formed 
upon absorption in aqueous solution are reduced to elemental 
sulfur using hydrogen sulfide~ The IFP (Institut Francais du 
Petrol) process uses H2S to form sulfite in a wet system(6). 
A catalitic process of reducing so2 to sulfur in a wet system 
using a reducing gas such as CO or H2 does not yet exist. 
Not much effort has been made to control em1ss1ons 
of nitrogen oxides (NOx), even though some predict that by 
1980 these oxides may be the primary man-made pollutant. 
Therefore, an effective system for simultaneous removal of 
S02 and NOx with simultaneous recovery of elemental sulfur 
would be beneficial in solving both pollution problems. 
In the work presented here the attempt to reduce 
so2 to sulfur using CO in a wet scrubbing reactor at 1 atm 
and room temperature has not yet produced promising results 
with the catalysts that have been investigated, But sulfite 
formed in these aqueous systems does increase the absorption 
of NOx and,therefore, could be µtilized for removing nitrogen 
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oxide::, before being reduced to r..iulfur by 111C:~anc ()f H2S. Good 
results were also obtained i11 preventing oxidation of sulfite 
to sulfate during experiments on the simultaneous absorption 
of S02 and NOx by adding SOj ions to the scrubbing solution. 
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2. GENERJ\L EXPER IN!EN'I.1AL METHODS 
The general procedure was based on measuring inlet and 
outlet concentrations of the gases of interest and making a mat-
erial balance. Simulated flue gas was prepared by mixing NOx 
and so2 with air and nitrogen in a mixing chamber; compositions 
were controlled•by using rot~meters and the composition of the 
gas mixture was monitored at the inlet and outlet of the scrub-
bing reactor where aqueous absorption took place. so2 \'ras col-
lected by an H2o2 solution followed by titration; NOx waE moni-
tored by a chemiluminescent detector; CO was analyzed by an 
eJ.ectrochemical detector. The total volume of the gas passed 
through the reo.ctor vras either measured by a wet gas meter ( if 
the E3S of interest was not soluble in water) or calculated 
from n knovm fJow rate and measured time. The scrubbing reactor 
was operating at 1 atm. and temperatures ranging from 20°c to 
abo1.1t 90°c usinc: an electrically heated bath to keep th8"r'eactor 
at a de[:ired ternperc1.ture. A schematic diagram of experimental 
apparatus is shown in Figure 1. 
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J, 1. 
The solubility of sulfur dioxide in water is limited, 
It dissolves and reaches equilibrium as follows: 
S02 +H20 = Hso3-+H+ 
Obviously the solubility can be increased by removing the hydro-
gen ions formed either by ~sing a basic absorbent 9r by the buf-
fering action oi various rea~ents such as citrate and phosphate 
dissolved iv water. This is the underlying basis for various pro-
cesses under development for removing large amounts of so2 from 
flue gases (5,6,7), Sulfiie formed by dissolution of so2 in wa-
ter can be reduced to elemental sulfur using H2s in another re-
actor. 
It appeared in the present work that the tendency of 
so2 to rc:=i.dily form suJ:fjte in ::ic1ueous solution makes it very 
difflcult to reduce jt directly to elemental sulfur in a wet 
scrubbinc systcn1. In :=i.lJ such attampts a sulfite has been formed 
but the redud nr: agent (CO) has not had any effect. It was found, 
however, that tllc presence of CO can increo.se the removal of so2 
from the c:::i.s stream; the mechanism of this phenomenon is not yet 
fully understood. 
On the other hand, formation of sulfite is desirable 
since, as it wilJ. be shown later, its presence increases greatly 
the removal of NO. 
X 
Because of this it is likely that a sulfite-forming 
process (such as the citrate process) will also be beneficial 
for removing NO from flue gases, X 
J. 2. EXPERIMENTAL METHODS 
, As shown in Figure 1., the outlet concentration of 
·S02 is determined by riac 1'ng th th h QO 11 % ,.)s. . · e gm; roug an >.J 2 co · ector, a Jo 
hydrogen peroxide solution wherein all so2 is oxidized to sulfuric 
acid, This solution is then analyzed by microtitration of sulfate 
(2), using barium perchlorate and Thorin /2(2-hydroxy-J,6-disulfo-
1-naphthylazo) benzenearsonic acid/ as the indicator. Since this 
is an integral method of analysis, the time and flow rate of so2 
must be measurea to determine average concentrations in the out-
let gas stream. This method was sufficiently accurate to compare 
the performances of different catalysts and absorbing agents ope-
rating at the samR conditions, but not well suited for kinetic 
studies. 
Carbon monoxide concentration was monitored by a 
CO-analyzer (Ecolyzer(s)-Energetics Science, Inc.) based on an 
electrocl1e~ical process involving CO and an aqueous electrolyte 
on a catalytically active electrode, Relatively high interference 
of so2 was a limiting factor and smaller sulfur dioxide concentra-
tions had to be used when analyzing for CO. As the influence of CO 
on so2 absorption was of greatest interest, this was not a serious 
problem. 
The scrubbing reactor consisted of two half-liter 
bubblers placed witl1in an electrically heated bath to obtain con-
o O 
-trolled operatine temperatures between 20 C and 90 C. Scrubbing 
catalysts were either dissolved in the aqueous scrubbing solution 
or suspended therein in the case of insoluble catalyst. Ordinarily, 
the bubbling gas caused sufficient agitation to keep the catalyst 
particles uniformly dispersed throughout the reactor. If that was 
not the case gentle agitation was provided by a magnetic· stirrer, 
_q_ 
In attempts to reduce so2 to oulfur u:ing CO by pac-
sint the cases throueh catalyst-containi~g water the following 
catalysts were inves·tigated: activated bauxite, zinc ferrite 
spinel (ZnFe204), magnesium ferrite spinel (MgFe0 2 ), red and 
black copper oxide, black cobalt oxide and alumina. All of these 
were used in the form of a fine powder suspended in the aqueous 
scrubbing·solution .. Sodium formate and citric acid were used 1n 
attempts to reduce so2 or so3 to elemental sulfur. This was done 
using the latter reagents dissolved in an aqueous solution con-
tainin~ platinum-on-alumina and rhodium-on-alumina catalysts in 
suspenc1on. 
I . 
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J, J, 'l11IERMODYNAMICS 
]'•cric,·1··'1on 1,r.+11,nr,r, ''.:'() 
... , , .. ) . , ........... ~ , - L 
So j 2co le• 2CO "" 2 , . - -- ;2,J 2 + · 2 ( 1 ) 
But this 1s accompanied by the reaction: 
-?,-s 2 + co - cos ( 2) 
Lepsoe (J) has published expressions for the free energy changes 
t,G~ and Lie~ of i·eactions (1) · and (2) in terms of the absolute 
temperature: 
= -51760 + 2,75·ln 'r - 2.8'10-3T2 - J.1·10-7T3 + 8.2·T 
- 22500 + 21. 0 · T . 
where L.G j_s j n unit:-~ of calories/ gmol and T 1s 1n uni ts of degrees 
Kr::J-iin. 
1
rhe er1uiJ:ibrium constants for reactions (1) and (2) are: 
/S2/~·/C02/2 
K1,. ;so2/·/co/2 
and: 
/cos/ 
where /so2/, /co/, /s 2/, /co2/ and /cos/ are the equilibrium con-
centrations of the gases. 
The relationship between Kand AG 0 1s expressed as: 
log K 
6 Go 
= 2,JOJ RT 
giving the following expres-ions for K1 and K2 : 
log K1 = ll~OO - 1,375 log T + 6•10-4T - 7'10-BT2 - 1,77 
log K2 -- 4~20 - 4. 6 
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The temperature dependence of K1 and K2 is shown in 
Figure 2, where it is evidenL -Lha t both reactions are thermo.dy-
namically feasible, especially at lower temperatures, 
This analysis shows that at low temperatures reaction 
(2) has a very large equilibrium constant indicating that essen-
tially all s2 formed in reaction (1) might react with an excess 
of carbon monoxide to form unwanted COS. 
' This may be the reason that no detectable amounts of 
sulfur were formed; we did not analyze for COS. 
A selective catalyst that will enhance reaction (1) 
but not reaction (2) does not appear to be known. 
(, 
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3. 4. EXPERIMENTS AND RESULTS 
In the first set of experiments the .solubility and 
efficiency of removal of so2 by water 00luti0~Ll u~d GU~pcL~iG~~ 
of different catalysts were investigated. All experiments were ·re-
peated with and without the presence of carbon monoxide. The so2 
concentrations were maintained between 2000 and 6000 ppm and the 
.. 
amount of CO ranged from the stoichiometric value (CO/so2 = 2) up 
to about 5%, The gao mixture was passed through the reactor (in this 
. 
case a single half-liter bubbter) at flow rates between 1000 and 
4000 ml/min. so2 was then collected by bubbling through H2o2 solu-
tion (Figure 1) from v~ich a 1-ml ~ample was taken every 15 min. 
and anolyzed for sulfate. Both air and pure nitrogen as well as 
varicus n2/o2 mixtures were used as carrier gas (i.e. simulated 
flue rias). 
The presence of copper oxides or of zinc and magnesium 
ferrj te:-~ oppearcd to promote the formation of sulfi tes or, in the 
presence of oxyGen, sulfates. In every case the presence of CO in 
the cas stream increased the removal of so2 if catalyst was present. 
EXP. 1 
t 20°c: p = 1 atm. 
catalyst: ZnFe2o4 (2 gm) 
gas mixture: air with J400 ppm so2 
flow rate: 2800 ml/min 
volume of water in the reactor: 500 ml 
time, min. 
amount of so2 in 0 collector, ml@ 20 C 
pH in reactor 
0 
0 
9 
15 
4 .• 3 
2,J 
JO 
130 
1.9 
45 
270 
1. 9 
i 
' 
'' 
' I 
'' 
EXP. 2 
0 T == 20 C P = 1 atm. 
catalyst: ZnFe2o4 (2 gm) 
-14-
gas mixture: air with 3400 ppm so2 and 7000 ppm CO 
flow rate: 2800 ml/min · 
volume of water in the reactor: 500 ml 
time, min. 
' 
amount of SO in. 
~ollector, mf@ 20°c 
pH in reactor 
6 
0 
9 
15 
1 
2.J 
JO 
10 
1. 9 
80 
1. 9 
I. 
The results of these two experiments are shown plotted 
in Figure J. The outlet so2 concentration is calculated by dividing 
the accmulated amount of so2 ( between taking two samples) by the 
time interval. The curve for water alone under the same conditions 
as in EXP. 1 is also shown. Without the presence of a catalyst 
carbon monoxide did not have much effect on so
2 
sorption. 
EXP-, J_ 
This was the same as EXP. 2 but using nitrogen instead of air. 
time, min. 
amount of SO 1n 
collector, mf @ 20°c 
pH 1n reactor 
0 
0 
9 
15 
1 
4.J 
JO 
22 
2.6 
45 
110 
2.4 
60 
270 
2.4 
The pH of the solution in the reactor is higher with-
out oxygen because essentially no sulfuric acid was formed, The va-
lues of pH in experiments 2 and J are plotted in Figure 4. In ex-
periments 1 and 2 large amounts of ferric ions were detected using 
sodium thiosulfate (violet-red ~plor that 1isappears quickly is 
typical for Fe+++). No ferric ions were detected in EXP. J. 
'' . . .. ·,'~,.I . 'I 
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Copper oxide causes the removal of larger amounts of 
so2 and, in the.presence of CO, even more, as is shown in EXP. 4 & 5. 
EXP. 4 
T = 20°c ; P = 1 atm. 
catalyst: CuO red 
gas mixture: nitrogen with 4000 ppm so2 and 8000 ppm CO; no oxygen 
flow rate: 2400 ml/min 
volume of water 1n the reactor: 500 ml 
time, min, 15 JO 45 60 
amount of so2 in 20°c 0 0 4.J 35 collector, ml@ 
final pH = 4.o 
EXP. 5 
The same as EXP. 4, but no CO present in the gas mixture. 
time, min. 15 JO 45 60 
amount of so2 in 20°c 0 17 JS 77 collector, ml@ 
final pH = 2,7 
The reactor solution became blue during these experiments 
(EXPS. 4 & 5) indicating presence of copper salts. 
The difference in final pH with and without CO present 
in the flue gas might indicate that less free H2so3 is formed and 
that the so2 ultimately becomes a copper salt or even sulfur and 
COS due to the reducing action of carbon monoxide. Since no oxygen 
was present in experiments 4 & 5, no carbonates could have been 
formed from CO but, in experiments 1 & 2, formation of carbonates 
might have occured thereby increasing so2 removal by buffering 
action, 
i 
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The influence of so2 on CO absorption in a srubbing · 
solution containing catalyst was also investigated in EXP. 6: 
EXP. 6 
t = 20°c p = 1 atm 
catalyst: ZnFe204 (2 gm) 
gas mixture: air with 550 ppm of CO 
flow rate: 2000'ml/min 
volume of water in the reactor: 500 ml 
Since the solubility of CO in water is very low, the 
outlet concentration apprbaches the inlet concentration more 
rapidly than in the case of so2. In Figure 5, is shown the ef-
fect of opening the so2-valve thereby admitting so2 to the in-
let gas (about 10 ml/min)- this sauses the outlet concentration 
of CO to fall thereby further suggesting reaction between S02 
and CO. Because of the high interference of so2 on CO concentra-
tion measurement by the particular instrument employed to detect 
CO this experiment was conducted for a short time only: as long 
as no S02 could be expected in the outlet stream ~~tering the 
CO detector. 
Since in all these experiments no elemental sulfur was 
detected as a reaction product, another set of experiments was 
done, wherein pure CO and so2 in different ratios were drawn 
through the reactor containing water and a catalyst. The same 
catalysts as before were used with reactor temperatures ranging 
from 20°c to 90°c, with flow rates from 2000 to 5000 ml/min, 
and for periods ranging from 1 to 24 hours.The solids that were 
present (mixed with catalyst particles) after s~ut down were 
' '"\ 1 "!,, ·• \ / 
! 
·I 
j' 
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treated with carbon disulfide to dissolve eny elemental sulfur 
that might be present. The carbon disulfide was then filtered 
and allowed to evaporate. The residue from evaporating cs 2 showed 
no detectable amounts of sulfur. The use of sodium formate, for-
mic acid or acetic acid solutions instead of pure water, with 
platinum-on-alumina and rhodium-on-alumina catalysts, did not 
indicate formation of sulf~r in similar experimenta. 
The results of experiments 1, 2 and J using MgFe02 
and ZnFe204 in attempting to promote reaction of CO and so
2 in 
the wet scrubbing reactor are typical with respect to the change 
of the so2 outlet concentration versus time. Each of the other 
catalysts gave approximately the same results excapt for the 
red copper oxide which caused greater so2 removal, but presumably 
because it rected with the so2 or with CO to form a buffer in-
stead of behaving as a catalyst as intended. 
- ~' ~-. : . 
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FIGURE 5. Influence of S0 2 on CO absorption 
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J, 5, DIS CU:SS ION ~.ND RESULTS 
1 
The most important information obtained to 
date by the experiments described here is the influence of CO upon 
so2 sorption. In the system that was used here, carbon monoxide 
with concentrations not higher than those that might be expected 
in real situations ipcreased the amount of so2 adso~bed by signi-
ficant amounts. 
Future experiments will be aimed at obtaining 
more information using a ~hotometric so2 analyzer by which instant-
aneous concentrations of so2 in the gas can be measured. This will 
permit almost instantaneous determination of the effect of so2 
absorption of suddenly admitting CO to the gas stream. By combining 
the photometer analyzer with a gas chromatograph it should also be 
possible to observe wheter COS is formed. 
Future and continuing experiments will attempt 
to explain the exact influence of CO, i.e. whether it enhances so2 
absorption by merely forming a carbonate buffering agent or whether 
it actually reacts with so2 to form a product such as COS. Future 
-· work will also continue to seek catalysts for promoting the reaction 
of CO and H2S with so2 in aqueous solution. 
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4 .1. INTRODUC'.l1ION 
The baoic method studied here is the use of an aqueous 
solution of sulfite to remove NOx (NO+ N02) from a gas stream. 
It will be shown that N02 reacts with so3= to form so4= and N02-: 
The resulting nitrite ion may then be oxidized to nitrate 10n 
by the oxygen present in tl~s stream. 
Nitroren dioxide (N02) is also very soluble in pure 
water viliere it forms nitrbus and nitric acids: 
(1) 
( 2) 
and the nitrous acid may then react with o2 to form nitric acid. 
Nitric oxide (NO) is formed during this process: 
(J) 
Nitric oxide is practically insoluble in water and 
only sliehtly soluble in S03- solution but, as it will be shown, 
sulfite can significantly increase the NO absorption if oxygen 
is present. This effect is believed to be due to a higher NO 
oxidation rate and absorption of the product (N0 2 ). 
In this work an attempt was made to use urea CO(NH2)2 
to decompose nitrous acid and hereby prevent the evolution of 
NO in the reactor according to reaction (J), The reaction with 
urea is: 
(4) 
I 
' . 
. i 
: ' 
,/ 
-2'+-
but this reaction v,~·.s found to be very slow under ttie experi-
mental conditions. 
The sulfite ion used to remove NOx could be obtained 
by dissolving sodiu~ sulfite (NajS03) in water, or by bubbling 
so2 through water. 
The oxidation of sulfite by oxygen present in the gas 
stream 1s undesirable because sulfate formed this way was found 
not to have en~ effect on NOx absorption. Especially at higher 
temperatures (70°c) sulfite disappears very quickly and NOx out-
let concentrations then increase accordingly. 
It will be shown that the addition of sulfate to the 
= water in the reo.ctor can slow down the so3 oxidation. It 1s 
believed that this phenomenon may be interpreted in terms of 
diffusion of the SOL~-- produced at the bubble surface into the 
bulk solution as the rate controlling step. By increasing S04-
concentration 1n the bulk, the driving force was reduced. 
The apparatus was the same as used for the so2 scrub-
bing experiments as shown in Figure 1. but the S02 collector 
was not needed . 
'' 
'.; 
.. ~ 
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4.2. EXPERIMENTAL METHODS 
The NOx inlet and outlet concentrations were measured 
by means of a chemiluminescent NO-NOx gas analyzer (THERMO ELECTRON, 
Model ·10-B). 
The absorption of both NO and NOx was investigate.ct. If 
pure nitrogen vms used as a carrier gas there could not have been 
any N02 present in the gas str:eam since only NO wa~feect. With the 
feed of NO in air the NO was partly oxidized to No
2 
before entering 
the reactor. A problem arooe in measuring NO flow rates. Since N0
2 X boils at 70°P at a pref~surc of one atmosphere, the flownmeter was 
ineffective because droplets of liquid (N2o4) formed inside the 
tube. Because of this the NO concentrations were controlled by X 
opening valve until the desired concentration of either NO or No
2 
was obtained at the inlet jn the reactor. 
The concentrationo of N02 and No3 1n water were measured 
by a coJorimctric water anaJyzer (DELTA SCIENTIFIC, Model 260) using 
napthyJ8minc and Brucine sulfanilic acid as color reagents. 
A solution of KMno4 containin~ sulfuric acid was used 
to detect SO~- ions and determine the sulfite life time in water 
.) 
throup)1 which the o.ir is bubbled. KMno4 solution is de colorized 
by sulfites but also by nitrous acid so this test had to be made 
separately and not in the same reactor where NOx was absorbed. 
In the experiments with urea, potassium iodide was 
used to detect the presence of nitrous acid. If nitrite ion is 
added to a solution of potassium iodide (4) ~nd the solution is 
,, 
I I . 
r 
I 
.I 
,f 
i ,\ 
acidified with sulfuric acid, the solution becomes yellow, owing 
to the formation of iodine and is colored blue if a little starch 
paste is added. The test does not work in the presence of sulfite 
because so3- reacts immediately with the iodine formed. 
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~,. J. THERMODYNAMICS 
Nitric oxide 1s oxidized to nitrogen dioxide according 
to the reaction: 
(5) 
The standard free energy change of this reaction at 20°c and 
one atmosphere lS: · 
. 
6G
0 
= 6G
0
NO - 6G0 NO = 12390 - 20719 = -8329 cal/gmol 2 
and the equilibrium 
.6Go 
- RTo K0 = e = 
constant: 
8329 . 
e 1. 98 I 293 = 
The heat of reaction at 20°c 1s: 
17,2 X 105 
L\Ho ~= .6H
0 
N02 - JH
0 NO = 8041 - 21600 = -13559 cal/gmol 
Assuming that 6H0 will not change much in the range 
20-70°c that has been investigated, we get the temperature depen-
dency of the equilibrium constant from the van't Hoff equation: 
~Ho dT d(ln K) = R ~ 
Integrating from T0 = 293°K to T: 
ln KK = 13559 (1 _ l_) 
0 1,98 T T0 
I'' 
, I 
·• I • 
I. 
.._,n,,,.~---.......__ 
.......... ,1t.-..~~~--
J• 
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Since the second term in this expression is rlo ~ 1.1.'v •Yr] V i" I, u o <.J..1. ··u .,_, 
large, we can assume an irreversible reaction throughout the 
opera ting range, This is important in tlw. t it tells that, if 
chemical reaction were the rate limiting or controlling step, 
then removal of the product (N02) would not significantly reduce 
the NO concentration in the outlet eny further. 
Urea - Nitrous Acid Reaction 
It is .knovm ( 4) that urea will react with nitrous acid 
= ( 4) 
The free energy change of this reaction at 20°c 1s: 
0 
= -217,88 - 26GHNO 
2 
( Kcal/gmol ) 
Since nitrous acid does not exist in pure form, it 1s difficult 
to obtajn data as to its free energy of formation, values of 
which will depend strongly on the degree of hydration and could 
vary from case to case. The value of 6G 0 of reaction (4) above 
could be positive with a correspondingly low equilibrium con-
stant and low conversion if the free energy of formation of 
HN0 2 is sufficiently negative. 
. ,, 
; \ 
I, ) 
·' _; 
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4.4. EXPERIMENTS AND RESULTS 
The experimental procedure was to bubble NO or 
NOx through water, either pure or containing so
3
= ions,with 
measurement of the difference in inlet and outlet gas conc~n-
trations. The sulfite ions were formed either by dissolving 
sodium sulfite (Na2so3) in water or by bubbling so2 through 
water. The inlet NOx concetrations were maintained between 1000 
and 6000 ppm with flow rates 1300-1200 ml/min. 
Since the solubility of NO in pure water is 
very low it was sometimes more convenient simply to compare the 
NO concetrations in effluent gas from a reactor containing only 
pure water with the effluent concentrations from a reactor con-
taining sulfite solution, This was possible, however, only when 
njtrogen was used as a carrier since the NO is oxidized when 
air is the carrier gas, and there were indications that the oxi-
dation rates are not the same in the sulfite solution as in 
pure water. 
It was found that, in the absence of oxygen, sulfite 
solution does not absorb much NO but does absorb large amounts 
of N02. When 400 ml/min of 1100 ppm NO in nitrogen at room tem-
perature were passed through a 500 ml bubbler containing water 
and 4 gm Na2so3 the outlet NO concentration was 950 ppm. A some-
what better result was obtained when so2-saturated water was used 
but the gas stream in this case strips out some of the dissolved 
S02 and the outlet NO concentration drops, apparently due to 
dilution by the stripped so2. After 20-40 min the NO concentra-
( 
I 
i l 
r 
\ 
/1 
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tion in the effluent again increases to about Boo ppn, 
lower than the concentration at the outlet of the Na2so3-con-
taining reactor), but this improvement in NO removal can be 
ascribed to the change in pH of the solution (sodium sulfite is 
basic and the so2 solution acidic). 
Using air instead of nitrogen at the same flow rate 
and reactor volume and opening the NO valve until the inlet con-
centration reaches i100 ppm NO (we need about 2000 ppm for this 
because a part of it is oxidized to N02 in the lines, so NOx at 
the inlet is 2000 ppm), the concentrations at the outlet of the 
pure water reactor were: · 
NO = 700 ppm 
N02 = JOO ppm 
Since NO is not sufficiently soluble in water to account for 
the low effluent NO concentration the difference can be explained 
in terms of oxidation of NO to N02 within the reactor and absorp-
tion of the latter. 
When the pure water was replaced by a sodium sulfite 
solution (8 gm/liter) of the same volume (500 ml) the outlet 
concentrations dropped to: 
NO = 450 ppm 
N0 2 = 120 ppm 
and they remained constant untill the sulfite was oxidized to 
sulfate by the air (about 120 min at the given flow rate of 
400 ml/min), 
This simple experiment shows that N02 can be removed 
in signific.ant quantities from a gas stream using sulfite solu-
tion, Also with oxygen present, sulfite is a good NO absorbent. 
Since sulfite solutiot does not remove such substantial amounts 
'j 
I 
' 
·' 
l 
I' ;/ 
I; 
of NO from a mixture with oxygen-free nitrogen, a possible'ex-
planation is that so3- ions enhance the NO oxidation and then 
the oxidation product, N0 2 is absorbed. Itwas shown that the 
reaction: 
has a very large equilibrium constant; removing its product there-
fore cannot significantly shift the reaction to the right and 
thereby reduce the NO partial pressure. Thus the explanation 
cannot be in tePms of an equilibrium shift and thereby suggests 
an increase in the rate of the NO oxidation due to the presence 
of so3-- ions. 
It should be emphasized that the bubble size changes 
when sulfite solution 1s used instead pf water (it decreases 
about twice vilien 4 gm of sodium sulfite are added) but the gas-
liquid contact area is not important for homogeneous NO oxida-
tion by the oxygen in air; in the present case where the so3-in the liquid may act as a catalyst, the bubble size and gas-
liquid interfacial area could have an important influence on 
the rate. The effect would not disappear after all the sulfite 
was oxidized to sulfate, however, if it was only the bubble 
sjze that made the difference. 
The same experiment was repeated with different inlet 
concentrations. The results are shown in Table 1. 
.. 
It is evident that in all cases the presence of sul-
fite was associated with reduced outlet concentrations of both 
N02 and NO. But this effect lasted for a relativly short time 
only. i.e., until the sulfite was oxidized to sulfate by the 
oxygen present in the air. the next two experiments show the 
change of NO and N02 outlet concerttrations vs. time 1at two dif-
. -·. .-.~ ... -...... ,_; ,, 
NO 
Carrier Inlet Exp. .il Gas ppm Tt 
1 Air 2100 
2 Air 2100 
3 Air 2500 
4 Air 3000 
5 Air 2000 
6 Air 1400 
N0 2 Inlet 
ppm 
3300 
1900 
2000 
2000 
2500 
1500 
NO 
Out 
1400 
1500 
2400 
2300 
1500 
800 
i 
I_ 
Pure 
NO? 
Out 
1000 
650 
800 
1300 
1000 
JOO 
TABLE 1. 
8 gm/liter 
'lrJ a ter Sulfite Solution Flow % NOx NO NOz % NOX Rate Temp. Removed Out Ou -c Removed ml/min oc 
56 1000 -100 80 800 20 
46 850 100 76 1200 20 
29 1350 200 65 850 70 
28 1600 250 63 700 20 
44 1000 200 73 550 40 
62 400 
-100 82 1000 20 I \.,.) 
N 
I 
i 
i 
I 
r 
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ferent temperatures. 
EXP. 7 
gas mixture: air+ 2100 ppm NO+ JJOO ppm No
2 
flow rate: 800 ml/min 
Na2so3 concentration: 8 gm/liter 
temperature: 20°c 
volume of the reactor,: 500 ml 
time, min 2 10 20 JO 40 55 80 90 
NO out ppm 1000 950 950 900 950 1650 2000 2000 2000 
No 2 out ppm 100 100 100 100 100 950 1000 1200 1200 
EXP. 8 
gas·mixture: air+ 2500 ppm NO+ 2000 ppm No
2 
flow rate: 85o·m1/min 
Na2so3 concentration: 8 gm/liter 
0 temperature1 70 C 
volume of the reactor: 500 ml 
time, min 2 5 10 15 20 25 JO 40 
NO out ppm 1350 1350 1400 1500 1800 2400 2400 24ory 
No2 out ppm 200 200 200 200 400 Boo 900 900 
The foregoing experiments show that the effect 
of sulfite disappears after about 55 min at 20°c and 20-~in at 
70°c. Another experiment showed that when only air was bubbled 
through the same sulfite solution as in Exeriments 7 and 8, and 
at the same flow rates, the sulfite disappeare~ after 100 min 
at 20°c and after JO min at 70°c. Sulfite was analyzed using KMno4 .. 
' ! I 
l: 
,.) 
:.::r:, 
It iLl olniour-J that oxidation of sulfite by the 
oxygen in the air is the deterrning factor iri the efficiency of 
NOx absorption by sulfite and that the rate of this oxidation 
has to be decreased as much as possible if the overall process 
is to be usefully harnessed. 
In experiment 8 (at 70°c) after Na2so3 had been 
completely oxidized, the NO concentration goes up .to 2400 ppm 
. 
which is the outlet concetra'.t;ion for a pure water reactor at 
70°c (sec Ta~le 1, exp. 3), This concetration is also close 
to that of the inlet, thereby indicating that at higher tempe-
rature::-~ NO iG much 1es:--J c1xidized to N02, In experiment 7, which 
wa::-J at a lcvtCr temperature (20°c), the NO outJ.et concentration 
ri:.3e:: above~ the pure water (at 20°c) outlet concetration (400 ppm 
as shovm jn Table 1, exp. 1), This bexaviour could be explained 
·t.:iy the fact tho.t the temperature of 20°c is very close to th.e 
N0 2 bo:U in{', temperature at 1 atm and only a slight temperature 
chunr,e (du<: to the he;Jt of reaction libero.ted by so3= oxidation) 
coulrl make n big djffercncc in the N02 behaviour. Different 
exp er imcnt:-J at the fjo_me temperature ( 2 o0 c) showed that after all 
sulfite wns oxjdized, the NO outlet concetration rose up to a 
vaJue approx. 500 ppm higher than it wouJ.d be with pure water 
at 20°c, and after some time (30-40 min) it went down again. 
This effect of NO out exceeding the pure water outlet concetration 
was not observed at 70°c because this temperture is far above 
the N02 boiling point. It is still not understood how the N02 
phaso change can affect the NO oxidation rate, 
r 
r 
I 
l_ 
., 
'·} 
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:1.11e c.Hssolved products of NOx scrubbing both 
by pure water and Na2so3 solution were found to be nitrate and 
nitrite .. Since the oxidation of nitrite to nitrate is accompanied 
by evolution of NO that might escape from the reactor, it would 
be desirable to decompose the nitrite before it is oxidized. 
Urea is known to decompose nitrous acid and, since all the ni-
trite must have.been origina~ly in the form of nitrous acid when 
pure water was U;_~Cd as scrubber liquid, we tried to improve the 
NO abcorption by dissolving some urea in the water. But this did 
not reduce the NO level ~t the outlet and the solution contained 
tlic ;_:::.me amount of nitrow·J acid. As discussed before, the degree 
of hydration of nitrous acid might be critical in determining 
v,rwther the free enerc;y change of the urea-nitrous acicl reaction 
would be pocitlvc or negrrtive. It is likeJy that urea might de-
compo::;e niti_·ou;J ::1cicJ a;_, an NO absorption product, if nitrite X 
10n v1:J.r:_, prc;;rnt at hicr,ller concetro.tions. 
In order to underst:=rnd the mechan.ism of NO 
X 
2.rx:orption li,y Na2sor, :,olution, a material bo.lance was made for ., _) 
two reactors opcratint ut the same conditjons, one containing 
pure w:1tcr :rnd another an 8 c;m/liter Na2so3 solution- o.s shown 
in experiment 9, 
EXP. 9 
Both reactor were conducted for 20 min under the following 
conditions: 
.1 
I 
I 
' I
l , 
j 
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\ 
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"G .. .) ... 
volume of the reactor: 500 ml 
gas mixture: air+ 7000 ppm NOx (3400 ppm NO and J600 ppm N02) flow rate: 460 ml/min 
temperature: 20°c 
The outlet concentrations were: 
NOx = 3000 ppm for pure water 
NOx = 1800 ppm for Na2S03 solution 
After 20 min the liquid in t~e re~ctovs was analyz~d for concen-
trations of nitrite and nitrate ions. The following concentrations 
were obtained in uni ts of ppm by w_eight: 
- Pure water 
/No3-/ = 82 ppm 
/No2-/ = 80 ppm 
/N03-/ = 75 ppm 
/No 2-/ = 145 ppm 
A material balance over NOx was made to prove the relationship: 
input - output= accumulation 
/ 
- Pure water 
input - output= q • 
= 460 m~ , 20 min• min 
= O. 058 gm 
t · (/Nox/. - /Nox/ ) · MNo in , out x 
1 o- 6 ( 7000-3000) \. 1 1 a tm JS~ 82!06 fill•atm ,2930K gmol gmol,OK 
- V MNO:x accumu lation = /N03 / p ·M + 
w No3 
- V MNox 
/No2 I Pw MNo -
2 
= 80 • 1 o-6 
= 0.058 gm 
500 ml • 1 ~ ~ + 82 · 10-6 '. 500 ml mil b2 I 1~~ mil% 
'"'·1 • ·, 
··~----··-~----...,..l.-----·------·--·-----·------------~----- -- ·-·--- - ·-- -----
'1.., . 
.., I 
( 
input - output= 460 • 20, 
= 0.076 gm 
-6 '/\ 1 
10 (7000-1800t82 ,06 , 293 38 
accumulation = 75 • 10-6 • 500 • ! + 145 , 10-6 • 500 , ~ 
= 0.081 gm 
q 
- gas flow rate, .ml/mitr 
.. ) 
! / 
t time, min 
Pw - density of water - 1 gm/mil 
V volume of the liquid 1n the reactor 
molecular weights 
The NOx molecular weight is taken as J8, an average 
value of MNo and MNO since the NO and N02 concentrations in the 2 
inlet stream were approximately the same. This is not true for the 
outlet stream but the error is assumed not to be significant. 
The material balance showed that all the NOx that was 
absorbed was in both cases converted to either nitrate or nitrite. 
Using pure water the distribution is about 50% nitrite and 50% 
nitrate and using Na2so3 solution it is about 35% nitrate and 
65% nitrite (by weight). Since the nitrate concentration did not 
change much when sulfite was added, there are good reasons to 
believe that S03- ~elution absorbes N02 only, according to reaction: 
20H- + soJ= + 2N02 = S04- + 2N02 + H20 
and that the decrease in NO concentration is due to better oxi-
dizing action of oxygen in the presence of sulfite ions. 
·~ 
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5, SULFITE TO SULFATE OXIDATION 
A simple quantitative model for sulfite to sulfate 
oxidation is developed based on a fast reaction between so
3
= 
and oxygen in which case the concentration of the reaction 
product (sulfate) will be large in the liquid at the bubble 
surface (where the reaction occurrs) and will attain saturation 
·therewith the ~esult that t~e rate controlling step will be-
come the diffusion of the sulfate product away from the gas 
bubble into the bulk liquid. 
The following notation 1s used: 
Cb concentration of S04- in the bulk, moles/liter 
the initial 
the initial 
so -4 
so -J 
concentration, 
concentration, 
moles/liter 
moles/liter 
.. 
~ 
C8 the sat'uration concentration of S04- in water, moles/liter· 
C concentration of so3- in the bulk, moles/liter 
V volume of the reactor, liter 
t time, min 
A surface area of all the bubbles 1n the reactor, cm2 
k overall mass transfer coeff.icient, cm/min 
We assume that the rate of disappearance of sulfite 
1s equal to the sulfate diffusion rate: 
( 1) 
The S04- concentration in the bulk increases during time: 
(2) 
,,.,·· ... 1, 
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Subs ti tuj.11g ( 2) into ( 1) 
dC - A I k ( C - Cb - C -!- C) dT = V s O o (J) 
This can be integrated assuming that k 1s constant, although it 
does change with concentration but the change is assumed to be 
negligiable. 
,... 
.c 
1 J dC Cs-Co-Cbo 1 + C Cs-Co-Cbo 
co 
Integrating: 
1 C + Cs-Co-Cbo ln A,k t - -
1 + 0 V CC'-C 0 -Cb ,_,. 0 
From here the sulfite life time can be calculated by setting C=O, 
provided A and k are known. The model can be tested by measuring 
the sulfite concentration as the experiment progresses and plotting 
time against 1n(C8 -Cb0 /Cs-C0 -Cb0 +C) which should be a straight 
line if the model agrees with the experimental data. This was ~ 
done in the following experim~nts. 
EXP. 1 
For sodium sulfate in water, C8 =. 1,J7 moles/liter. 
In this experiment C0 was taken as 1,37 moles/liter, with 
· Cb
0 = o so that (4) simplifies to: 
V l 1. 37 t = A•k n -a:--
\, ' 
~\.:.: ',.. . 
.... ,. 
' ' 
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The air was bubbled, through the sulfite solution in a 
500 ml bubbler at the rate of 1300 ml/min and a >temperature of 
20°c. The sulfite concentration was monitored by measuring the 
pH of the solution. The values of concentrations were obtained 
from a calibration chart (Figure 6,) of concentration vs. pH. 
time, min 
pH 
C, gm/liter 
C, mol/liter 
ln 1. 37 
C 
0 
. 10 
172 
1. 37 
0 
10 
9,75 
. 
60 
o.48 
1. 05 
20 
9.55 
28 
0.22 
1. 82 
35 
9, JO 
11 
0.087 
2.76 
The results are plotted in Figure 7, where it is evident 
that experimental data fall almost on a s:traight line. The slight 
deviation from linearity can be explained in terms of slower 
chemical reaction rates at the lower concentrations and corre-
spondingly larger logaritmic terms plotted in Figure 7, The initial 
assumption was that chemical reaction was fast. At lower concen-
trations this might not be true and the measured sulfite life 
times would then be longer than predicted by the model. That might 
be the reason that the point at the extreme right hand side in 
Figure 7, is higher than expected. 
However, if we fit a straight line between the first 
two points the slope is 11 minutes: 
. V 11 . A·k = min 
and: 
500 cm3 4 ~m3 
= 11 min.= 5,5 min 
To calculate the mass tr~nsfer coefficient k we need the surface 
area of all the bubbles. In bubbling systems the volume fraction 
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of bubbles is between 5 and 10 percentr so assuming the later 
value we get the volume of all the bubbles: 
V = 500· 0.1 ·= 50 cm3 
and surface area: 
A = l:..Y ( 
,r 
where r is an average bubble i:,actius. Ass"uming r equals 1 mm we get: 
A = ~ = · i 500 cm2 0 I J. 
I ' 
0 
A• k !ih5. · kc A= 1500 = O,OJ cm/min 
k = 5.0 • 10-6 ~/sec 
EXP 2. 
' Another experiment was done with an initial value of 
so4- concentration in the bulk: Cb0 = 0.37 moles/liter. The. value 
of C0 is taken as 1 mol/li.ter so that ( 4) simplifies to 1. 
V 1 
t = A•k ln C 
With the same conditions as in Exp.. 1. the following results 
are obtained: 
time, min 0 10 20 
pi,: 9,95 9,75 9.60 
C, gm/liter 126 60 J4 
.. c.,_ mol/liter 1 o.48- 0,27 
l 1 n-C 0 , 0, 72 1. 31 · 
JO 40 
9,45 ~-.4o 
19 16 
\~ 
0'· 15 
'1c 0, 13 
1.90 2. 06 
I ·., 
in Figur.e·i -~, '··· 
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\ 
The foregoing model and experimental data suggest that 
the sulfite oxidation rate can be slowed down by reducing the 
diffusion driving force for transport of S04- product away from 
the site of r~i-:<ni· at the bubble surfa.Ge., This is easily done 
by adding sulfate to the bulk. 
In Exp 8, of Chapter 4. the sulfite life time was about 
20 min at 70°c. When 100 gm of Na2S04 were ~dded to the sulfite 
·solution at the.sam~ temperature and flow rate as in Exp 8., the 
sulfite life time increased to 1JO min showing that the oxidation 
of sulfite can be retarded by this simple expedient. 
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6, CONCLUSION AND RECOMlVIENDATIONS FOR FUTURE RESEARCH 
An aqueous wet scrubbing process using so
3
- ion for 
removing NOx from flue gases appears promissing, since sulfite 
ion seams to promote sorption of both N02 and NO, provided oxy-
gen is also present, The future work should be aimed at ditermi-
,1... 
n1ng the minimal o2/N2 ratio in the gas stream which cah stil) 
give a satisfactor~ NOx absorption rate, The amount of NOx, o~ / 
better NO, absorbed should be measured for different o2/N2 ratios 
and different so3= concen~rations at room temperature showing 
V how these parameters. affect the overall process, Later on, dif-
ferent temperatures and pressures might be investigated is well 
as the urea-nitrous acid reaction in presence of a catalyst. 
The. so2 absorption is enhenced by adding CO to the 
gas stream. As menshened before, the future experiments should 
attempt to explain the mechanism of the CO action, A possibility 
of forming metal carboniles and their possible role as catalysts 
should be investigated also, 
The overall process might then include so2 absorption 
.and catalytic reduction to elemental sulfur with usage of the 
intermediate product, sulfi~e, to remove nitrogen oxides in a 
form of nitrate or nitric acid, 
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